Background: Primary high-risk human papillomavirus (hrHPV) testing in cervical cancer screening shows relatively low specificity, which makes triage testing necessary. In this study, DNA methylation analysis was compared with cytology for triage testing in hrHPV-positive women. Moreover, feasibility of DNA methylation analysis directly on brush-based self-sampled specimens was assessed.
. However, hrHPV testing has a lower specificity compared with cytology, especially in younger women (Cuzick et al, 2006) . To prevent unnecessary referrals to the gynaecologist, a triage test for hrHPV-positive women is necessary. Currently, cytological triage is the approach that is mostly advocated (Rijkaart et al, 2012b; Zorzi et al, 2013; Dijkstra et al, 2014) . DNA methylation analysis of cancer-specific genes with quantitative methylationspecific PCR (QMSP) might be an alternative triage tool for early detection of cervical neoplasia (Lai et al, 2008; Overmeer et al, 2009; Yang et al, 2010) . DNA promoter methylation of tumour suppressor genes is an early event in cervical carcinogenesis (Woodman et al, 2007; Yang et al, 2010) . Several studies indeed reported that DNA methylation analysis could be a valuable objective triage tool for hrHPV-positive women Overmeer et al, 2011; Eijsink et al, 2012) . Scenario analysis comparing triage testing either by cytological examination or DNA methylation analysis after primary HPV screening showed that DNA methylation analysis as triage test will detect more CIN3 lesions, less carcinoma will be missed and more patients will be correctly referred to the gynaecologist . The recently published randomised controlled trial by Verhoef et al (2014) showed that detection of CIN2 þ with methylation triage on self-samples directly in hrHPV-positive women was noninferior to cytology triage on physician-taken smears, leading to a shorter time to CIN2 þ diagnosis, although referral was higher in the methylation triage group given the positive predictive value of this test being lower compared with cytology.
Apart from the efficacy of the screening test, the low participation rate is another aspect in population-based screening programs for cervical neoplasia that could be improved (Bekkers et al, 2006) . About 35% of the women in the Netherlands do not respond to the screening invitation (referred to as non-responders). These women are at increased risk of developing cervical cancer, as more than 50% of the women diagnosed with cervical cancer had no history of participating in the population-based screening program (Peto et al, 2004; Bos et al, 2006) . Introduction of selfsampling methods for hrHPV testing has shown an increase in participation up to 39% of these non-responders . Furthermore, the response rate of the non-responders is significantly higher when offered a self-sampling device compared with a recall for regular cytology-based screening (Bais et al, 2007; Gok et al, 2010; Gok et al, 2012; Racey et al, 2013) .
Recent studies have shown a high concordance of hrHPV test results between most self-collected samples and physician-taken cervical scrapings. Even more, vaginal self-samples and physiciantaken samples showed similar test accuracy in detecting CIN2 þ lesions, especially when PCR-based HPV tests were used (Schmeink et al, 2011; Gok et al, 2012; Snijders et al, 2013; Arbyn et al, 2014) . However, it is critical that follow-up and further management are acceptable to the participants, especially when participants are reluctant (Bosgraaf et al, 2013b) . Therefore, direct triage testing on self-sampled material is preferred over an extra visit to a physician, but the concordance between cytology on selfobtained specimens vs physician-taken samples is poor (Nobbenhuis et al, 2002; Garcia et al, 2003; Brink et al, 2006; Snijders et al, 2013) . DNA methylation analysis directly performed on self-sampled material might solve this problem (Eijsink et al, 2011; Hesselink et al, 2014; Verhoef et al, 2014) .
The aim of the present study was (1) to compare the performance of DNA methylation analysis with cytology as triage test on physician-taken samples of women who previously tested hrHPV-positive on a self-sampled specimen; (2) to analyse the feasibility of direct triage testing with DNA methylation analysis on brush-based self-sampled specimens and compare these results with DNA methylation results in the matched physician-taken samples.
MATERIALS AND METHODS
Study population. Women with a hrHPV-positive brush-based self-sampling result (Evalyn Brush, Rovers Medical devices B.V., Oss, The Netherlands) were selected for this pilot study. These women had participated in the PROHTECT-3B (PRotection by Offering HPV TEsting on Cervico-vaginal specimens Trial-3B) among non-responders of the Dutch screening program in the year 2008. The PROHTECT-3B study is a randomised controlled trial designed to determine whether the participation rate for a brushbased cervico-vaginal self-sampling device is non-inferior to the participation rate for a lavage-based self-sampling device . The study was ethically approved by the Ministry of Health (No 2010/WBO04). In short, a total of 35 477 nonresponders of the regular cervical screening programme aged 33-63 years were invited to participate. The self-sampling kit was sent to the home address of all eligible women. In total, 10 027 women participated by returning self-sampled material to the laboratory for hrHPV testing (GP5 þ /6 þ PCR; EIA HPV GP HR kit; Diassay, Voorburg, The Netherlands). All women who tested hrHPV-negative were advised to participate in the next screening round. All hrHPV-positive women (8.3%) were advised to comply with an additional cervical smear taken for cytology. All participating women gave informed consent.
Primary hrHPV testing of self-samplers. Upon arrival the dry self-sampled brushes were resuspended in 1.5 ml of ThinPrep preservation medium (Hologic Inc., Marlborough, MA, USA). The vials were mixed for 3 Â 15 s, stored overnight at 4 1C and again mixed for 2 Â 15 s. For the primary hrHPV test, 1/10th of the selfsampled material was used. DNA was isolated with the Roche MagNA Pure MP 96 isolation station (Roche Diagnostics, Indianapolis, IN, USA) and hrHPV GP5 þ /6 þ -PCR testing was performed using the Diassay EIA HPV GP HR kit (Diassay), according to the instructions of the manufacturer (van den .
Cytology triage testing. HrHPV-positive women underwent an additional cervical smear taken by a physician approximately 6 weeks later. These cervical smears were collected in 20 ml Thinprep Preservcyt medium (Hologic Inc.) and cytomorphologically assessed according to the Dutch CISOE-A classification system, which can easily be translated into the Bethesda nomenclature (Bulk et al, 2004) . Women with abnormal cytology results (threshold ASCUS) were referred to the gynaecologist where a biopsy specimen was taken; if the biopsy was abnormal (CIN2 þ ) they were treated according to the national guidelines in the Netherlands (Hanselaar, 2002) . Women with normal cytology were re-invited after 6 months for a repeat cervical scraping for cytology and hrHPV co-testing. If one of these tests was abnormal, women were referred for colposcopy-directed biopsy; if there was a doublenegative test result, they were advised to attend the next regular screening round.
Sample selection for the current DNA methylation study. The triage physician-taken samples of PROHTECT-3B study were used to compare the performance of DNA methylation analysis vs cytology as a triage test. Histology results were set as the gold standard. For this pilot study, a total of 128 women were selected based on different subgroups ( Figure 1 ): women who were truepositive by cytology (abnormal cytology and abnormal histology, i.e., CIN2 þ ); false-positive by cytology (abnormal cytology and normal histology, i.e., no CIN/CIN1); true-negative by cytology (twice normal cytology; at baseline and after 6 months) and falsenegative by cytology (baseline normal cytology and at 6 months abnormal histology, i.e., CIN2 þ ).
To analyse the feasibility of direct triage testing with DNA methylation analysis on brush-based self-sampled material, a small group of 50 hrHPV-positive women were analysed for this study. These 50 hrHPV-positive women had subsequently undergone an additional cervical smear by a physician B6 weeks later. About half of the group (n ¼ 24) had an abnormal histological outcome (CIN3 þ ), and half of the group (n ¼ 26) had a normal histological outcome (pCIN2).
DNA extraction, bisulfite treatment and QMSP. For quantitative methylation-specific PCR, a new DNA isolation was performed using 5 ml of the 20 ml physician-taken specimen and the remaining material (9/10th) of the self-sampled specimen. Genomic DNA was isolated by standard overnight proteinase K treatment, salt-chloroform extraction, and isopropanol precipitation DNA quality was assessed according to the BIOMED-2 protocol (van Dongen et al, 2003) . Sodium bisulfite treatment on isolated genomic DNA (1 mg per sample) was performed according to the manufacturer's protocol of the EZ DNA methylation kit (Zymo Research Corp, Irvine, CA, USA).
Quantitative methylation-specific PCR was performed with bisulfite-treated DNA using an internal (FAM/TAMRA)-labelled hybridisation probe for quantitative analyses of four genes (C13ORF18, JAM3, EPB41L3 and TERT). Quantitative methylation-specific PCR conditions and primer and probe sequences are as described previously (Eijsink et al, 2011; Eijsink et al, 2012) . To correct for DNA input, QMSP of the housekeeping gene b-actin was used. Quantitative methylation-specific PCR reactions were performed in a total volume of 20 ml, containing 10 ml of 2 Â QuantiTect Probe Mastermix (Qiagen, Hilden, Germany), 600 nM of forward and reverse primers (Invitrogen, Carlsbad, CA, USA), 250 nM of hybridisation probe (IDT, Leuven, Belgium) and 50 ng bisulphite-modified DNA. Each sample was analysed in triplicate in a 384-well plate using ABI PRISM 7900HT Sequence Detection System (Applied Biosystems, Life Technologies, Carlsbad, CA, USA). A pool of leukocyte DNA from healthy women was used as a negative control. As a positive control, in vitro methylated (by SssI enzyme) leukocyte DNA was used in each experiment. All amplification curves were visualised and scored without knowledge of clinical data. A DNA sample was considered methylated if at least 2 out of the 3 wells were methylation positive with a Ct-value below 50 and DNA input of at least 225 pg b-actin. Quantitative methylation-specific PCR values were adjusted for DNA input by expressing results as ratios between two absolute measurements ((average DNA quantity of methylated gene of interest/average DNA quantity for reference gene b-actin) Â 10 000) (Wisman et al, 2006) .
Statistical analysis. Statistical analysis was performed using SPSS software package (SPSS 20, Chicago, IL, USA). Histology was set as the gold standard. Methylation levels per gene were compared with the severity of the underlying lesion by the Kruskall-Wallis test. Sensitivity and specificity were calculated with CIN2 þ and CIN3 þ as cutoff. Methylation levels per gene with CIN3 þ as cutoff were visualised in a receiver-operating characteristic (ROC) curve. To compare sensitivity and specificity of triage testing by DNA methylation vs triage testing by cytology on the same group of patients, the extended McNemar test, described by Hawass (1997) was executed. Concordance between the DNA methylation analysis of the Evalyn Brush self-samples and paired physiciantaken liquid-based samples was measured by Cohen's Kappa. Correlation of DNA methylation ratio in the paired physiciantaken liquid-based samples and Evalyn Brush self-samples was measured by the Spearman rank analysis; differences with a Pvalue o0.05 were considered statistically significant.
RESULTS
Performance of DNA methylation analysis in physician-taken samples. Liquid-based physician-taken samples of 128 hrHPVpositive women were used for QMSP of C13ORF18, JAM3, EPB41L3 and TERT. Methylation levels increased with the severity of the underlying lesion for all genes (Po0.001) (data not shown). Table 1 shows the methylation positivity per subgroup. The patient group with abnormal cytology and CIN3 þ lesions was methylation positive for C13ORF18 and JAM3 in 65% (20/31) and 84% (26/31) of the cases, respectively, whereas the group with abnormal cytology and normal histology showed DNA methylation positivity in only 8% (4/49) and 16% (8/49) of these cases, respectively. Table 2 shows the accuracy of DNA methylation analysis and cytology for detection of CIN2 þ and CIN3 þ . DNA methylation analysis of JAM3 showed the highest combined sensitivity (82%) and specificity (88%) for detection of CIN3 þ , whereas cytology showed a specificity of 48% and a sensitivity of 91%. Sensitivities for CIN3 þ of JAM3 (82%), EPB41L3 (88%) and TERT (76%) were comparable to cytology (91%), whereas specificities for JAM3 (88%) and C13ORF18 (91%) were significantly better than for cytology (48%) (Po0.001). For each marker, ROC curves for CIN3 þ were computed (Figure 2 ). The areas under the curve were 0.855 for JAM3, 0.881 for EPB41L3 and 0.795 for C13ORF18 and TERT.
DNA methylation analysis on self-sampled material and its correlation with physician-taken material. From 50 patients with a liquid-based physician-taken sample also the matched original Evalyn Brush self-samples were used to perform the DNA methylation analysis. High-quality DNA could be retrieved from 49 brush devices. Performance of DNA methylation analysis directly on original self-sampled material showed again high specificities for JAM3 and C13ORF18 (both 96%), with corresponding sensitivities of 71% and 54% for CIN3 þ , respectively, (Table 3) . Also EPB41L3 showed high specificity (88%) with corresponding high sensitivity (79%). The agreement between the methylation outcome of the Evalyn Brush self-sampled specimen and the liquid-based samples taken by the physician was 90% for C13ORF18 (k ¼ 0.77, Po0.001), 88% for JAM3 (k ¼ 0.75, Po0.001), 80% for EPB41L3 (k ¼ 0.59, Po0.001) and 71% for TERT (k ¼ 0.41, P ¼ 0.003). Comparing the methylation ratios between the matched self-and physician-taken samples showed again a very high concordance (Po0.001), with the best results for C13ORF18 (r ¼ 0.82, Po0.001), EPB41L3 (r ¼ 0.84, Po0.001) and JAM3 (r ¼ 0.89, Po0.001) methylation (Figure 3 ).
DISCUSSION
This study shows for the first time that DNA methylation analysis is feasible on brush-based self-sampled cervico-vaginal material. The concordance between DNA methylation analysis on selfsampled material and physician-taken samples in this study was high. Furthermore, the clinical performance of DNA methylation analysis as triage test on both hrHPV-positive physician-taken samples and self-collected samples was good, with high specificity, Table 3 . Sensitivity and specificity of methylation markers on brush-based self-sampled material for CIN3 þ (n ¼ 49)
particularly for C13ORF18 and JAM3, and moderate to high sensitivity in the studied series. The sensitivity of hrHPV assays evaluated in primary screening appeared consistently high for detection of CIN3 þ (Arbyn et al, 2012) . In primary screening this higher clinical sensitivity may lead to earlier diagnosis of high-grade cervical lesions and prevent cervical cancer (Ronco et al, 2013) . However, hrHPV screening is less specific, especially for young women, resulting in a relatively high false-positive rate (Cuzick et al, 2006) . With a triage test, specificity can be improved and this results in fewer referrals for colposcopy, reduction of overtreatment and anxiety of false-positive women and also reduces the costs (Bosgraaf et al, 2013a) . Cytology as triage test, as suggested in the new Dutch HPV-screening program, will ensure that most women with underlying CIN2 þ lesions are correctly referred for colposcopy (Ministry of Health, Welfare and Sport, 2013). However, in this study we showed that specificity could be further improved by the use of DNA methylation.
The high-sensitivity and low-specificity results of cytology found in this study might be explained by the cytologist's awareness of the HPV-positive results. Furthermore, the sample selection was based on different subgroups, and is therefore not representative for the whole group. Nonetheless, in these specified selected subgroups, our findings point to the methylation test as an attractive alternative to cytology as a triage test. The advantage of DNA methylation analysis as a triage test on cervical smear in comparison with cytology is that it is an objective, nonmorphological test. In this study, we showed a high specificity of C13ORF18 and JAM3 methylation for CIN3 þ , and a moderate to high sensitivity for C13ORF18, JAM3 and EPB41L3. In addition, we showed in the group 'false-positive by cytology' (abnormal cytology and normal histology) that methylation positivity was very low, which in a screening context would result in a reduction of referrals of false-positive women to the gynaecologist. In addition, the methylation test detected out of 3 women with a CIN3 lesion who were missed with cytology triage testing.
DNA methylation analysis in self-sampled cervico-vaginal brush specimens showed high specificity and moderate to high sensitivity for detection of CIN3 þ lesions. The concordance between DNA methylation analysis on the self-sampled material and the corresponding physician-taken sample taken B6 weeks later from the same patient was high, which supports reliability of the methylation test in the self-sampled material. An advantage of DNA methylation analysis performed directly on self-sampled material is that it eliminates the need for an additional cervical smear. As a result, loss to follow-up could decrease, especially in the non-responder group. Large population-based studies in nonresponders of the regular cervical cancer screening showed that about 10% of the HPV-positive women did not visit their physician for triage cytology (Gok et al, 2010; Gok et al, 2012) .
Previously, we evaluated the same four genes (C13ORF18, JAM3, EPB41L3 and TERT) by DNA methylation analysis on selfsampled material obtained by a lavage device (Eijsink et al, 2011 ). In the current study, we showed representative methylation results for these four genes, and we also showed that DNA methylation analysis on self-samples by a dry cervical brush device can be used as well. The use of dry brush devices may have advantages over cervico-vaginal lavage devices, as brushes can be transported and stored dry, whereas liquid specimens are less convenient for sending by regular mail (van Baars et al, 2012) . But above all, both devices are not suitable for cytological examination . Therefore, DNA methylation is more suitable for triage testing after hrHPV self-sampling compared with cytology. In the current study, we analysed four genes, previously validated (Eijsink et al, 2011; Eijsink et al, 2012) , of which some showed already better specificity compared with cytology without losing sensitivity to detect CIN3 þ . The advantage of using these particular genes is that setting a cutoff value is not needed. If the PCR product was negative (i.e., no amplification of specific product), the sample was called negative and any ratio above zero for two PCR products (analysed in triplicate) was called positive. This unique feature of the selected genes makes it an objective easy to interpret test. Furthermore, also other groups describe some of these genes (e.g., EPB41L3) as predictors for CIN2/3 lesions Vasiljevic et al, 2014) . Addition of other potential markers reported (Wentzensen et al, 2009; Lai et al, 2010; Overmeer et al, 2011; Lendvai et al, 2012; Bierkens et al, 2013; Verhoef et al, 2014) or identification of even better differentially methylated genes by genome-wide methods could even further improve the diagnostic accuracy of DNA methylation in the future. Although the present study included a relatively small number of samples and comprised a selected series, it had several strengths. The primary HPV tests as well as DNA methylation analysis were both performed on the same self-sampled material. In addition, the matched physician-taken liquid-based cytology samples were available for DNA methylation analysis and this allowed direct comparison between DNA methylation analyses on self-samplers vs physician-taken samples. A limitation of our study is the lack of histology; the medical ethics committee did not allow to take cervical biopsies in women with normal triage cytology and normal follow-up cytology after 6 months, which may lead to an under-or overestimation of the exact performance of DNA methylation in the triage of these screening results.
In conclusion, DNA methylation analysis is feasible on brush-based self-sampled material, and its diagnostic performance as triage test for hrHPV-positive women showed similar results as DNA methylation analysis on physician-taken samples. Direct methylation analysis on self-sampled material could be an important step forward in optimising the screening programme, as this would eliminate the need for an extra physician-taken cervical scraping for triage testing. In addition, owing to its high specificity it would reduce the number of falsepositive women referred to the gynaecologist. Our data indicate that the detection of cervical neoplasia by DNA methylation analysis in cervico-vaginal brush specimens warrants further exploration of its use in large population-based prospective cohort studies.
